ABSTRACT
Introduction
Broomrapes is a common name for more than 200 species from the family Orobanchaceae (Orobanche spp.) (15) . They all are chlorophyll-lacking obligate root holoparasites that subsist on broad-leaf plants, thereby depleting them of nutrients, minerals and water. Several broomrape species parasitize important crops (tomato, potato, tobacco, eggplant, faba bean, vetch, lentil, peanut, Brassica spp., sunfl ower, carrot, celery and parsley (7, 10) , thus causing tremendous agricultural losses in many regions of the world (9, 16) . For example, Orobanche ramosa (L.) and Orobanche mutelii (Schultz) are serious problems in tobacco-producing European countries, where those two species cause serious reduction (up to 40%) in tobacco yields (19, 21, 23) .
Because the broomrapes depend entirely on their hosts for all nutritional requirements (11, 15, 17) they have developed several mechanisms to insure tighter coordination between developmental stages of their life cycle and the one of the host plants (1, 20) .
For instance the germination of broomrape seeds only occurs after the parasite seeds detect the presence of a specifi c chemical signal(s) exuded by the host root (1, 5, 29) . The nature of these germination signals (GS) is only partly understood, but thus far the GS Alectrol and Orobanchol have been identifi ed for Orobanche hosts (30) , and are strikingly similar to those identifi ed in root exudates of hosts of Striga ( Fig. 1) (1, 18) . These compounds have all been classifi ed as sesquiterpene lactones (1, 30) . Host plants only produce and release tiny amounts of GS into the soil, and seeds of parasites respond to very low concentrations (10 -7¯1 0 -9 M) of the stimulants. Concentrations of GS below or above this range block seed germination (28) . The GS and their analogs have been synthesized by organic synthesis (22, 28) . However the biosynthetic pathway of GS, enzymes and genes involved in the process and the regulation steps of their synthesis and excretion are unknown.
Knowledge about the biochemical and genetic bases of production in host plants of these recognition molecules may answer many questions about mechanisms of co-evolution of parasites and their hosts and on the other hand will lead to the
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development of new practical measures for control of cropharming parasitic species (9) .
In our previous investigations based on use of selective chemical inhibitors of isoprenoid biosynthesis we found connection between the plastid-situated biosynthetic pathway of isoprenoids called 2-C-Methyl-D-Erythritol-4-Phosphate pathway (MEP pathway) (12) and the formation of GS (2, 3, 4) . These results were confi rmed by Matusova et al. (14) . Yet as we emphasized in our recent publication (4) the chemical inhibitors are not a precise enough tool to pinpoint the steps of GS formation. It is very likely that inhibitors have side-effects on general plant metabolism that masks the real origin of GS. Only the tools of modern molecular biology can further unravel the pathway of GS formation.
It has been demonstrated that Arabidopsis is a host for several Orobanche species (6, 25, 26) , and thus serves as an excellent model host for studies of parasitic plants (27) . Over the last two decades, Arabidopsis has become a model organism for molecular level research in plant sciences because of its relatively small and already completely sequenced genome (27) . The classical tool for dissecting biochemical pathways on genetic level is the screen for loss-of-function mutations. This approach has several limitations in cases when 1) genes of interest act redundantly; 2) the lost-of-function is lethal; 3) the genes are not active at the certain developmental stage; or 4) genes are not absolutely required for functioning of certain pathway. These limitations can be overcome by gainof-function mutations (24) . A more direct way to induce such mutation is the use of T-DNA vector with four copies of the enhancer sequences from the constitutively active promoter of the caulifl ower mosaic virus 35S (CaMV 35S) gene (8) . These enhancers can cause transcriptional activation of nearby genes and the approach was called activation tagging (8, 24) .
The aim of the work presented in this article was to perform large-scale screening of 8600 Arabidopsis activation tag mutants for alteration in susceptibility to Orobanche infestation and to identify among them lines with altered GS production.
Materials and Methods
Plant material: Orobanche ramosa (L.) seeds were collected from tobacco fi eld in South-Bulgaria. Seeds of 8600 Arabidopsis thaliana T-DNA activation tag mutants, ecotype Col (CS21995) were obtained in stocks of 100 lines per tube from Ohio Arabidopsis Research Center.
Soil screening: Seeds from each pool of lines (line) were placed in 15 ml tubes, containing 2.5 ml water, and were kept for 4 days at 4 o C to break dormancy. The soil (MetroMix) was autoclaved and than mixed well 50 mg/l Orobanche ramosa (L.) seeds. Multi-pot plates were used for the experiment (Arasystem-ASN01). The bottom holes were covered with synthetic fabric. Approximately 3 cm of the infected soil was poured in every pot and it was covered with about 3-4 cm noninfested soil (Fig. 2) . The pots were placed in fl ats containing water to wet the soil and covered with humidity dome to keep the humidity high. The bottom holes were covered with synthetic fabric, 1). Approximately 3 cm of the infected with Orobanche seeds soil was poured in every pot, 2) and it was covered with about 3-4 cm not-infected soil, 3) Arabidopsis seeds were planted in three to fi ve replicates in pots with infested soil. One pot with non-infested soil per line/pool of lines was used as control. After 8-10 weeks of growing the seeds of those plants that managed to fl ower were harvested for next step of the screening and than their roots were checked for attached parasites.
Collection of root exudates: Seeds of resistant Arabidopsis lines were surface sterilized in an aqueous solution containing 2% active chlorine and 0.2% Tween 20. Seeds were carefully washed with sterile milli-Q water and placed on 1.5% MS-agar. The Petri dishes with seeds were kept for 4 days in a refrigerator (4 o C) to break dormancy and then were grown for three weeks (temperature 22 o C, 16h light/ 8h dark period). Arabidopsis plants were carefully transferred in sterile multiwell plates (one plant per well) and roots were kept covered with 0.5 ml sterile milli-Q water for 24 hours to collect root exudates. Before use the collected exudates were diluted to equalize root weight/ volume ratio as described earlier (4).
Germination tests: Seeds of O. ramosa (L.) were surface sterilized in an aqueous solution containing 2% active chlorine and 0.2% Tween 20. Seeds were carefully washed with sterile nano-pure water and placed between 1 cm glass fi bber fi lter paper disks. These "sandwiches" were moistened with sterile water and seeds were preconditioned at 26°C for 14 days according to Mangnus et al. (13) . After preconditioning, the sandwiches were taken out of conditioning Petri dishes and left in a sterile air steam until the surplus moisture was evaporated. Then they were placed in new Petri dishes and 0.1 ml of diluted root exudates were applied on double disks. The germination tests were carried out with root exudates collected from resistant lines and control wild-type Arabidopsis (Col) plants. Germination percentages were assessed after incubation for 8 days at 26°C. GR24 (0.4 mg/l) was used as a positive control. Root exudates from non-host plants as well as sterile milli-Q water were used as negative controls. All experiments were conducted with fi ve replicates.
Results and Discussion
In order to identify resistant/tolerant lines (genotypes) a set of fi ve successive screenings in soil infested with Orobanche seeds were performed. The fi rst and second screenings were performed with pools of lines while the next three screenings individual plants were used.
First screening
During the fi rst screening the selection was based on the fact that the parasitized plants are signifi cantly delayed in their development and ability to fl ower and produce seeds. Seeds from each pool of lines fi rst were kept in water at 4 o C to break the dormancy and then the water was removed and seed were mixed with a small volume (1.5 ml) 0.05% agarose. This was necessary to insure even dispersion of seeds on the soil. Each pool of lines was planted on fi ve large pots with infested soil. One pot with non-infested soil per pool of lines was used as a control (Fig. 3A) . As seen in Fig. 3A the plants on infested soil were signifi cantly delayed in their growth and development and only single plants were able to fl ower and produce seeds on infested soil (Fig. 3B) . After the fi rst screening of 86 groups containing seeds of 100 lines each, 670 individual plants belonging to 58 of the original groups of mutants appeared to be unaffected by the parasite and produced seeds at the same time as the control plants. Their seeds were harvested and used for the next step of the screening. a b 
Second screening
The selected 670 plants af ter the fi rst screening were far too vast number of variants for individual plants screening. Therefore we decided to perform the second screening exactly in the same way as the fi rst screening. The seeds were planted on infested soil in three replicas with a single control per group (Fig. 4A) . We considered the 58 groups of plants ether tolerant to the parasite or resistant. It was also possible that some plants were too far from parasite seeds and were not attacked. Taking into account these options we used additional criteria for this screening -we checked the roots of the plants for attachment of parasites (Fig. 4B) . By combining the two criteria we managed to select after the second screening 28 groups consisting of no more then 10 plants each. The seeds of these plants were harvested and used for future screenings. Third to fi fth screenings Two hundred thirty fi ve plants were selected after the second screening. Their seeds were used in next three screenings. The main difference from the previous screenings was that here we planted individual plants in each pot with infected soil (Fig. 5) . The main selection criterion was the attachment of parasites to the roots of the experimental plants. As a result of the screenings we selected 18 individual lines that belong to 6 original groups and therefore represent a limited number of genotypes. These plants were further used in germination tests to asses the amounts of GS produced by their roots. 
Germination tests
The experimental plants were grown on Petri dishes with MSagar as described in materials & methods. Root exudates from experimental plants were collected by transferring of individual plants from Petri dishes to multi-well plates. Each well was fi lled with 0.5 ml sterile water. Plants were kept there for 24 h. Later their weight was measured on analytical balance and the solutions from wells, containing the root exudates, were diluted to equalize weight/volume ratio. For instance if the weight of the plants kept in a certain well was 200 mg, and the exudates volume was 0.5 ml the weight/volume ratio was calculated to be 400 mg/ml. Root exudates diluted to 10 mg/ ml weight/volume ratio were applied on disks with Orobanche seeds to test amount of GS exuded by different lines. Wild-type Arabidopsis plants were used as reference for GS production in original ecotype. Sterile nano-pure water was used as negative control and GR24 (0.5 mg.l -1 ). The results are presented on The obtained data revealed that three of the lines: B8-1; B41-3 and particularly B31-3 provoked much lower germination in comparison with other lines. It is known that GS have optimal effect of Orobanche seeds germination in concentrations ranging between 10 -7¯1 0 -9 M. Concentrations of GS below or above this values block seed germination (9, 28) . So, the most likely explanation of our results could be that the three lines either have overproduction of GS or much lower GS production. In order to analyze the case we performed germination tests with much bigger dilutions of root exudates. The obtained results (Fig. 7) confi rmed that the three mutant lines most probably overproduce GS. One alternative explanation could be the overproduction of hypothetical inhibitor of Orobanche seeds germination. Since such compound(s) have not been yet found, this explanation is less probable.
Most of the other resistant mutant lines have levels of GS production similar to that in control plants. So we can assume that their resistance is based on mechanisms other than lower/ higher GS production.
One fact that could not be ignored is the very high standard deviations in germination values registered in some of the lines. This is an indicator that lines are still segregating and there are not only mutant but also wild-type plants. Similar observations were made also during the soil tests -about 25 to 50% of the progeny of individual resistant plants were susceptible to Orobanche. 
Conclusions
The main outcome of this work is that we managed to fi nd activation tagged Arabidopsis mutant lines with altered susceptibility to Orobanche infestation. Eighteen of the lines demonstrated resistance against Orobanche attachment and penetration. Three of these lines have altered levels of GS production. These fi ndings will allow us in our future work to isolate homozygote by single T-DNA tag resistant lines that via TAIL-PCR will lead us to the genes contributing to the resistance.
